Eleven cDNA clones encoding the open-reading frame of calmodulin and calmodulin-like proteins were isolated from carrot seedlings treated with fungal mycelial walls. These calmodulin genes were mainly expressed in the stems and leaves of carrot, although the transcriptional level was almost negligible in the seeds and root tissues. Based on nucleotide homology, these genes were divided into two classes, class I and class II, and reverse transcription-polymerase chain reaction analyses revealed that the expression level of class II genes transiently increased when carrot seedlings were treated with the mycelial walls. In contrast, the level of class I genes apparently did not show any significant change even after treatment with the fungal components. These results suggest that the defense responses induced in the fungi-infected carrot accompany the increase in the transcriptional levels of a certain calmodulin gene(s).
-dependent modulator protein that regulates various cellular processes. 1, 2) A series of recent studies [3] [4] [5] has clearly demonstrated that, unlike in animals, plant CAMs are composed of several isoforms and the expression of specific CAM genes is sometimes induced by appropriate stimuli or physiologic stresses. In the potato plant, eight genes encoding two CAM isoforms were shown to be differently expressed during the developmental stages, 3) and activation of specific genes in tobacco cells against microbial attack was also reported. 5) We showed previously [6] [7] [8] that CAM is a key component to evoke the series of defense response in carrot cells treated with elicitoractive substances such as oligogalacturonide, ethylene, and fungal mycelial walls. This modulator protein regulates the activation of several Ca 2ϩ /CAM-dependent functional proteins involving protein kinases, 6) and these cellular events lead to the gene expression of the biosynthetic enzymes of carrot phytoalexin, 6) chitinase isoenzymes, 9) and the enzymes involved in phenylpropanoid metabolism. 9) We have also shown 7, 10) that this protein functions in the response-decay processes of cells as well as in the activation of the Ca 2ϩ cascade. Those results strongly suggested that carrot CAM should be composed of several isoforms, although only one CAM gene, cam-1, had been reported 11) from this plant. We have recently isolated several clones of carrot CAM genes and demonstrated 12, 13) that the transcriptional activation of the specific CAM genes is induced in carrot cells upon the treatment with either oligogalacturonide elicitor or ethylene. It was also confirmed that more than 10 CAM genes occur in carrot cells using Southern blot analysis, and these observations suggested the possibility that, as is in oligogalacturonide-and ethylene-treated carrot, induction of the defense reactions in mycelial wall-treated carrot are evoked by the elevated expression of certain CAM genes but not mediated by "constitutively expressed" CAM protein. In the present study, we attempted to isolate new genes encoding CAM protein from the cells treated with fungal mycelial walls and examined whether the defense responses induced in fungi-infected carrot tissues accompany the transcriptional activation of certain CAM genes.
MATERIALS AND METHODS
Materials Carrot (Daucus carota L.) seeds were germinated under sterile conditions on Murashige and Skoog's agar medium 14) in test tubes (25 mm in diameter) and grown at 26°C under constant illumination for 3 weeks.
12) Mycelial walls of the fungus Chaetomium globosum were prepared from 3-d-old culture, 15) and oligogalacturonides were prepared by the partial hydrolysis of the pectin fraction of carrot 12) according to the previously reported methods, respectively. 2-Chloroethylphosphonic acid was purchased from Sigma.
Cloning of CAM genes The suspension of the fungal mycelial walls (500-ml aliquots, 10 mg/ml H 2 O) was carefully sprinkled over carrot seedlings (3 weeks old, 100 mg), and, after incubation for 6 h, 12) total RNA was isolated from the cells with the RNeasy Plant Mini Kit (Qiagen). The RNA obtained (approximately 5 mg) was subjected to the rapid amplification of cDNA end (RACE) methods using the GeneRacer Kit (Invitrogen) after the generation of cDNA template by reverse-transcription (RT) reaction with AMV RT. 5Ј-RACE was carried out with GeneRacer RNA Oligo and 5Ј-CTC ATC AAC TTC TTC GTC AGT CAG CTT CTC-3Ј as the CAM gene-specific primer, while 3Ј-RACE was performed with GeneRacer Oligo dT and 5Ј-AGA TCT CCG AGT TCA AGG AAG CTT TC-3Ј as the specific primer, respectively. The DNA fragments were amplified with 30 cycles of the polymerase chain reaction (PCR), and the products were cloned into the pCR2.1-TOPO vector (Invitrogen). Their sequences were determined on both strands using the dye-terminator method with M13-20 and RV-P (Takara) as the sequencing primers on a PRISM 3100 Genetic Analyzer (Applied Biosystems). The coding regions of CAM genes were obtained by PCR amplification using the primer pairs designated from the nucleotide sequences near the 5Ј and 3Ј ends of the translatable regions of CAM genes determined using the RACE method. PCR was performed with the combination of three forward primers (5Ј-ATG GCC GAT CAA CTC ACC GAC GAT CAG ATC-3Ј, 5Ј-ATG GCA GAT CAG CTA ACA GAT GAC CAG ATC-3Ј, and 5Ј-ATG GCC GAT CAG CTG ACG GAC GAC CAG ATC-3Ј) and two reverse primers (5Ј-TTA CTT GGC CAT CAT AAC CTT GAC AAA TTC-3Ј, and 5Ј-TCA CTT GGC CAT CAT GAC CTT GAC GAA CTC-3Ј), and the products were subcloned and sequenced as described above.
Expression of CAM Genes The expression level of CAM genes was analyzed semiquantitatively using RT-PCR. Carrot seedlings were incubated with the mycelial walls, 1110 Vol. 28, No. 6 oligogalacturonides, or 2-chloroethylphosphonic acid according to the method described previously, 12) and, at regular intervals, total RNA was isolated from 100 mg of the whole tissues as described above. In a separate experiment, RNA was prepared from the roots, leaves, stems of carrot seedlings and from ungerminated carrot seeds. Aliquots (1 ml each) of RNA solutions were added to the RT-PCR mixture prepared from the OneStep RT-PCR Kit (Qiagen), and after the RT reaction, PCR was carried out with the combination of appropriate primers using 25 cycles of fragment amplification.
12) The 11 new CAM genes isolated in the present study were divided into two groups, class I and class II, and the class I genes were amplified with 5Ј-ATG GCC GAT CAG CTG ACG GAC GAC CAG AT-3Ј as the forward primer and 5Ј-GCC CAT CAC CAT CAA CAT CGG CTT CTC-3Ј as the reverse primer (406 mer as the product), while class II genes were amplified with the same forward primer and 5Ј-TTT GCC CAT CAC CGT CCA CAT CAG CCT CAC-3Ј as the specific reverse primer (409 mer as the product), respectively.
RESULTS AND DISCUSSION

CAM Genes from Mycelial Wall-Treated Carrot Eleven new genes encoding the translatable region of CAM designated cam-201 (GenBank accession number AY656684), cam-202 (AY656685), cam-203 (AY656686), cam-204 (AY656687), cam-205 (AY656688), cam-206 (AY656689), cam-207 (AY656690), cam-208 (AY656691), cam-209 (AY656692), cam-210 (AY656693), and cam-211
(AY656694) were isolated from carrot seedlings treated with fungal mycelial walls (Fig. 1A) . All of the products of these genes encoded 149 amino acids and contained four Ca 2ϩ -binding sites (Fig. 1B) which are highly conserved in CAM proteins from animal and plant sources. 1, 2, 11, [16] [17] [18] [19] However, a replacement of an amino acid in the domain was found in cam-203 and cam-205 (Fig. 1B) (Fig. 1A) . It appeared that the analyses of the expression of individual CAM genes isolated from mycelial wall-treated carrot would be difficult since the majority of the nucleotide sequences of these genes were identical. Therefore, in further experiments, we divided these 11 CAM genes into two classes, class I with relatively high identity to cam-1 in the nucleotide sequences (from cam-201 to -205) and class II with relatively low identity (from cam-206 to -211).
Expression of Carrot CAM Genes To elucidate the tissue-specific expression of CAM genes, 12) changes in their transcriptional levels in various carrot tissues were examined using RT-PCR. As shown in Fig. 2A , expression of CAM genes showed strict tissue specificity, and both class I and II genes were mainly expressed in stems and leaves. In contrast, the expression of these genes in the root tissues was very low and almost negligible in the carrot seeds. It appears that class I genes exhibited higher transcriptional activity as compared with class II genes in stems and leaves.
In the next experiments, changes in the expression of class I and II genes in carrot seedlings challenged by various elicitor-active materials, i.e., mycelial walls, oligogalacturonides, and ethylene, were examined (Fig. 2B) . The transcription of class I CAM genes was maintained at a constant level even after treatment with mycelial walls, although class II genes showed a transient increase in expression. Although the amplified DNA fragments of class II genes showed a signal of low intensity at time 0, it increased appreciably after 6 h of wall treatment and decreased thereafter. In contrast, the expression levels of either class I or II genes did not show any significant change even after the treatment of carrot seedlings with oligogalacturonides and ethylene in our investigation.
In the present study, coding regions of 11 new CAM genes were isolated from carrot seedlings treated with fungal mycelial walls. We showed previously 9, 15) that phenylpropanoid metabolism and chitinase enzymes were activated in carrot cells upon contact with the fungal components via stimulation of the Ca 2ϩ cascade. In the present study, we demonstrated that the expression level of a group of the genes designated class II, of which nucleotide sequences showed rather low identity as compared with cam-1, was markedly and transiently elevated after treatment with mycelial walls. This result suggested that, as well as other elicitor-active substances, oligouronides and ethylene, 12) the defense reactions of carrot evoked by contact with mycelial walls also accompany the transcriptional activation of certain CAM gene(s). In our previous study, it was shown 11) that the For the analyses of tissue-specific expression (A) of class I (I) and class II (II) genes, total RNA was prepared from 100 mg of tissues of roots, seeds, roots, leaves, and stems, and RT-PCR was performed employing the appropriate primer pairs as described in the text. To elucidate the changes in the expression levels of CAM genes in carrots treated with mycelial walls, oligogalacturonides, and ethylene (B), the seedlings were incubated with these elicitor-active chemicals and harvested at regular intervals for RT-PCR analyses.
two CAM genes with relatively low identity with cam-1 were transcriptionally activated after the exposure of carrot seedlings to ethylene. It therefore might be hypothesized that CAM genes would be roughly divided into two types, constitutively expressed genes and those activated in response to external stimuli. Among CAM genes isolated in the present experiments, the amino acids in the conservative regions for Ca 2ϩ -binding sites were replaced in cam-203 and cam-205. Recently, it has been shown 20) that an isoform of soybean CAM in which an amino acid near the C-terminal was replaced functions as a competitive inhibitor of CAM-dependent nitric oxide synthase activity. Therefore it might be possible that cam-203 and/or cam-205 play some specific role(s) in the signal transduction mechanisms in carrot cells. Further study is in progress in our laboratory to understand the physiologic function of multiple CAM genes and CAM-like proteins in carrot defense responses.
